Classical nuclear localization signal (NLS) sequences have been used for artificial localization of green fluorescent protein (GFP) in the nucleus as a positioning marker or for measurement of the nuclear-cytoplasmic shuttling rate in living cells. However, the detailed mechanism of nuclear retention of GFP-NLS remains unclear. Here, we show that a candidate mechanism for the strong nuclear retention of GFP-NLS is via the RNA-binding ability of the NLS sequence. GFP tagged with a classical NLS derived from Simian virus 40 (GFP-NLS SV40 ) localized not only in the nucleoplasm, but also to the nucleolus, the nuclear subdomain in which ribosome biogenesis takes place. GFP-NLS SV40 in the nucleolus was mobile, and intriguingly, the diffusion coefficient, which indicates the speed of diffusing molecules, was 1.5-fold slower than in the nucleoplasm. Fluorescence correlation spectroscopy (FCS) analysis showed that GFP-NLS SV40 formed oligomers via RNA binding, the estimated molecular weight of which was larger than the limit for passive nuclear export into the cytoplasm. These findings suggest that the nuclear localization of GFP-NLS SV40 likely results from oligomerization mediated via RNA binding. The analytical technique used here can be applied for elucidating the details of other nuclear localization mechanisms, including those of several types of nuclear proteins. In addition, GFP-NLS SV40 can be used as an excellent marker for studying both the nucleoplasm and nucleolus in living cells.
Introduction
The nucleus is an important organelle in eukaryotic cells in which physiological functions including storage and read-out of genetic information are carried out. In the nucleus, the nucleolus, which is the largest structure, plays an important role as the location of ribosome biogenesis [1] . To form a complex between ribosomal RNA and ribonucleoproteins, members of a family of small 2. Materials and Methods
Plasmid construction
The EGFP fragment in a pEGFP-C1 plasmid vector (Clontech, Mountain View, CA) was substituted to meGFP carrying A206K, a monomeric variant of eGFP, to generate pmeGFP-C1 [13] . To create meGFP tagged with an NLS, synthetic oligo-DNAs encoding three tandem repeats of NLS derived from SV40 (PKKKRKVPKKKRKVPKKKRKV) [7] or poly (ADP-ribose) polymerase (PARP; VKSEGKRKGGEVAKKKSKKEKDKDSKLEKALKAE) [14] (Life Technologies, Waltham, MA)
were annealed and inserted into pmeGFP-C1 via the BglII and HindIII restriction sites (GFP-NLS).
The sequences were confirmed using a genetic analyzer (Applied Biosystems, Waltham, MA) and correct clones were selected. To generate a nucleolus marker, mCherry-fibrillarin, cDNA coding for fibrillarin was inserted into a pmCherry-C1 vector [15] .
Cell culture and transfection
Mouse neuroblastoma Neuro2A cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich, St. Louis, MO) supplemented with 10% FBS (GE Healthcare, Logan, UT), 100 units/ml penicillin G (Sigma-Aldrich), and 100 g/ml streptomycin (Sigma-Aldrich) at 37 o C and 5% CO2. A plasmid mixture comprising 100 ng GFP-or GFP-NLS-carrying vector and 900 ng pCAGGS was transfected into Neuro2A cells using 2.5 l of Lipofectamine 2000 (Life Technologies).
For live-cell analysis, cells were cultured on glass-based 3.5 cm dishes (3910-035; Asahi-Technoglass, Tokyo, Japan).
Confocal fluorescence microscopy
Neuro2A cells expressing GFP-NLSs and mCherry-fibrillarin were stained with 1.0 µg/ml Hoechst 33342 (Sigma-Aldrich) for 30 min at 37 o C and 5% CO2 atmosphere. After washing three times in Hank's balanced salt solution (HBSS; Sigma-Aldrich), fresh medium was added to the plate and the cells were observed on an LSM 510 META confocal microscope (Carl Zeiss, Jena, Germany) through a C-Apochromat 40×/1.2NA W Korr UV-VIS-IR M27 water immersion objective on a heat stage incubator at 37 o C in a 5% CO2 atmosphere. Hoechst33342, GFP, and mCherry were sequentially excited at 405 nm, 488 nm, and 594 nm, respectively. Excitation beams were split by an HFT405/488
filter for Hoechst33342 and GFP, or an HFT405/514/594 filter for mCherry. Hoechst 33342 and GFP fluorescence were separated by a dichroic mirror (NFT490) and collected through BP420-480 and BP505-550 band pass filters, respectively. Fluorescence from mCherry was collected through a NFT595 filter and a spectro-photodetector (META) at 615−754 nm. The pinhole size for Hoechst33342, GFP, and mCherry was set at 1.0 airy unit: 61 m, 72 m, and 94 m, respectively.
Zoom factor was set at 5-fold. X-and Y-scanning sizes were each 512 pixels. The microscope operated on an AIM 4.2 software platform (Carl Zeiss). Acquired images were adjusted using ImageJ 1.47v
(National Institutes of Health, Bethesda, MD) and Photoshop CS4 (Adobe Systems, San Jose, CA).
Fluorescence recovery after photobleaching (FRAP)
Photobleaching experiments were performed on an LSM 510 META using a C-Apochromat 40×/1.2NA W Korr UV-VIS-IR water immersion objective (Carl Zeiss). GFP was excited (41.1 W)
and photobleached (723 W) at 488 nm. X-and Y-scanning sizes were 256 and 100 pixels, respectively.
Image acquisition scanning time was set at 97 msec/frame. The photobleaching period was 232 msec.
Relative fluorescence intensity was measured using AIM3.2 software platform (Carl Zeiss) and calculated according to Axelrod's method [16] . as described previously [18] [19] [20] . The optical system and structure parameters were calibrated by measurement of rhodamine 6G. The diffusion coefficient was calculated using that of rhodamine 6G
as a standard (414 m 2 /s). Molecular weights were calculated from the ratio of the diffusion coefficient to GFP monomer (27 kDa) according to the Stokes-Einstein relation [18] . GFP-NLS PARP was also localized to the nucleus, but some fluorescent signal was also observed in the cytoplasm ( Figure 1 , I-L). The intensity of GFP-NLS PARP in the nucleolus was lower than that of GFP-NLS SV40 but higher than that of control GFP (Figure 1 , A, E, and I). These results suggest that strong retention in the nucleolus may be required for precise nuclear localization, and that GFP-NLS SV40 is suitable as a nucleus marker.
Dynamic accumulation of GFP-NLS SV40 in the nucleolus
We next examined whether GFP-NLS SV40 forms immobile inclusion bodies in the nucleus. To determine this, the mobility of the protein in living cells was analyzed by fluorescence recovery after photobleaching (FRAP), which can measure the mobile or immobile properties of a fluorescent molecule based on the recovery rate of fluorescence intensity after a brief period of photobleaching [12, 16, 17] . The fluorescence intensity of GFP-NLS SV40 in the nucleolus and nucleoplasm recovered immediately after photobleaching ( Figure 2 ). The maximum recovery rate in the nucleolus was 105% ± 2.82% (mean ± S.D.; n=10), and this was similar in the nucleoplasm (102% ± 3.44%; n=11 exists as a trimer, the calculated Mw of GFP-NLS SV40 was significantly larger than that of a GFP trimer (the Mw of monomeric GFP was 27 kDa). The Mw of GFP-NLS SV40 after treatment with RNase was 121 kDa; this value was larger than the Mw of GFP-NLS SV40 monomer evaluated from amino acids composition, which was 32 kDa. These results suggest that the oligomers that form between GFP-NLS SV40 and RNA also contain endogenous proteins, thereby forming a large complex that is retained in the nucleus.
Discussion
In this study, we showed that GFP tagged with three tandem repeats of NLS derived from SV40
(GFP-NLS SV40 ) was clearly localized in the nucleus and not in the cytoplasm. However, GFP-NLS PARP was partially mislocalized in the cytoplasm (Figure 1 ), indicating that between the two, GFP-NLS
SV40
is more suitable as a nuclear marker. What is the mechanism that drives this clear nuclear localization?
Molecules with a molecular weight less than approximately 50 kDa are able to pass passively through the NPC [5] . Therefore, GFP monomers diffusely move between the nucleus and the cytoplasm [22] .
The estimated molecular weight of GFP-NLS SV40 determined from the diffusion coefficient after treatment with RNase was 121 kDa (calculated from the results in Figure 4 ). This suggests the formation of a complex with endogenous proteins that is larger than the molecular weight limit for passive diffusion through the NPC. If GFP-NLS SV40 transported into the nucleus after translation forms a complex of at least 121 kDa with other proteins, it cannot be exported into the cytoplasm without the assistance of a nuclear export mechanism. A likely explanation for the clear localization of GFP-NLS SV40 in the nucleus is that the complex of oligomeric species formed between RNA and GFP-NLS SV40 retard nuclear export. On the other hand, fluorescence correlation spectroscopy was used to evaluate the assembled states of GFP-NLS SV40 (Figure 3 & 4) . The estimated molecular weight of GFP-NLS SV40 determined from the fast diffusion coefficient without RNase treatment was approximately 1.6 MDa. This is similar to the molecular weight of the 40S ribosome (1.4 MDa) [23] , suggesting that GFP-NLS SV40 may interact with ribosomal RNA. In addition, the molecular weight estimated from the slow diffusion coefficient without RNase treatment was ~300 MDa, suggesting that GFP-NLS SV40 interacts with multiple partners. However, the diffusion coefficients of GFP-NLS SV40 measured in the nucleoplasm and nucleolus in living cells were very fast with no evidence of an immobile fraction (Figure 2 ). This agrees with the previously reported slow component of monomeric GFP in living cells [22] , suggesting that the association and dissociation rate between GFP-NLS SV40 and its interacting partners in living cells may be quite rapid. One possible explanation for the fast diffusion rate in living cells is that hydrolysis of nucleotides (e.g., ATP and/or GTP) may contribute to the transient dissociation of the large molecular weight complex. What are the interacting partners of GFP-NLS SV40 ? Unfortunately, FCS cannot directly identify interacting partners of proteins and/or RNAs when not coupled with analytical processes such as proteome and RNAome analysis.
However, a typical benefit of FCS is the capacity for high throughput analysis of known proteinprotein or protein-nucleotide interactions in solution. FCS coupled with these analytical strategies should be employed in the future to identify the interacting partners.
Many types of FP have been used as nuclear markers. These proteins are classified as two types:
NLS peptides fused with oligomeric FP [10, 11] , and functional nuclear proteins (e.g., histone H2B, ERK1, and importin ) fused with a monomeric FP [9, 12] . In the former type, an increase in molecular weight resulting from oligomerization is important for inhibiting export from the nucleus. In the latter type, nuclear localization is likely to be mediated by retention of the protein in the nucleus. One benefit of using functional nuclear proteins as a tag is that it is easy to predict the localization of the fluorescent fusion protein (e.g., nucleoplasm, nuclear membrane, chromatin, and so on). Although both of these markers can be used for observation by fluorescence microscopy, one drawback is that they are 
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